Domain Morphologies of Complex Phosphoinositide/Lipid Langmuir Films in the Presence of Bivalent Cations  by King, Katrice E. & Gericke, Arne
404a Tuesday, February 10, 20144 in human lens nucleus. Cholesterol saturates bulk phospholipid bilayers and
induces formation of immiscible cholesterol bilayer domains (CBDs) within
membranes. The presence of CBDs plays crucial role ensuring that surrounding
phospholipid bilayers are saturated with cholesterol which keeps the bulk phys-
ical properties of lens-lipid membranes consistent and independent of changes
in phospholipid composition. Thus, CBDs help to maintain lens-membrane ho-
meostasis when the membrane phospholipid composition changes significantly
with age. Our previous experiments were based on electron paramagnetic reso-
nance spin-labeling methods. They allowed to detect CBDs in model and lens
lipid membranes at high cholesterol content (1,2). In current experiments the
giant unilamellar vesicles made of cholesterol/distearoylphosphatidylcholine
(Chol/DSPC) mixtures, with mixing ration from 0.5 to 5 and labeled with phos-
pholipid analog (1,10-Dioctadecyl-3,3,3’,30-Tetramethylindocarbocyanine-
5,50-Disulfonic Acid) and cholesterol analog (23-(dipyrrometheneboron
difluoride)-24-norcholesterol) fluorescent probes, were prepared using the elec-
troformation method (3). Confocal microscopy experiment allowed us to
confirm that membranes with higher Chol/DSPC molar ratio contain two
distinct lipid environments, the bulk phospholipid-cholesterol domain (PCD)
and the CBD. The amount of CBD was greater in membranes with higher
Chol/DSPC ratio. According to these results, CBD is always located on the
top of the giant vesicle. Rationale for this discovery is that CBD has smaller
mass per unit area of the vesicle compared with PCD. Additionally, it can be
concluded that vesicles with higher Chol/DSPC molar ratio are more rigid
and show less wobbling motion in water environment.
1. Raguz et al. CPL 2011 164(8):819-29.
2. Mainali et al. BBA 2013 1828(6):1432-40.
3. Veatch SL. Methods Mol Biol. 2007 398:59-72.
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It is widely believed that certain membrane lipids and membrane-anchored pro-
teins associate to form clusters with emergent function.While extensive data on
phase diagrams are available for a range of lipid compositions, these are most
commonly visualized by the partitioning of dyes between different phases. We
have been developing the use of secondary ion mass spectrometry imaging to
directly visualize molecules of interest within supported lipid bilayers (Lozano
et al. JACS 2013). Specifically, we want to address the question which neutral
membrane components associate with the well-known lipid-raft marker gangli-
oside GM1, which has a single negative charge, after GM1 is reorganized by an
in-plane electric field on a patterned supported bilayer (SLB). NanoSIMS im-
aging was used to generate molecule-specific concentration profiles of several
SLB compositions following electrophoresis: GM1/DOPC, GM1/CHOL/
DOPC, and GM1/CHOL/PSM/DOPC. In a control SLB sample without
GM1 it is observed that CHOL, PSM, and DOPC do not reorganize by mem-
brane electrophoresis. However, NanoSIMS images clearly illustrate that
PSM and CHOL associate with GM1 as it is transported toward the positive
electrode while DOPC is displaced in the opposite direction towards the nega-
tive electrode. Further analysis of the concentration profiles for the co-diffusing
components (GM1/CHOL/PSM) suggest the formation of a 4:2:1 PSM:
GM1:CHOL stoichiometric complex. These results demonstrate that both
cholesterol and sphingomyelin do tend to associate with GM1 and we might
speculate that similar behavior would be observed for GPI or myristolyated
proteins.
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Although phosphatidylinositol (PI) and phosphoinositides (PIPs) only comprise
a small percentage of the inner leaflet of the plasma membrane, they mediate a
large variety of signaling events. In previous studies, we have observed the
absence of macroscopically discernible domains in mixtures of PI/PC and
PI(4,5)P2/PC. The addition of cholesterol to these mixtures results in conden-
sation of the monolayer and hence domain formation. To better mimic the ionic
conditions and hydrogen bonding properties of the inner leaflet plasma mem-
brane, we investigated in this study the effect of common inner leaflet plasmamembrane lipids like phosphatidylethanolamine (PE), phosphatidylserine (PS)
and PI, on phosphoinositide domain behavior in the presence of cholesterol
and/or bivalent cations. We find that the addition of varying concentrations
of Ca2þ to PI(4,5)P2/cholesterol monolayer leads to a size reduction of the do-
mains. We hypothesize that this is due to a penetration of the Ca2þ ions into the
PI(4,5)P2 headgroup region, leading to a disruption of the hydrogen bond
network formed by the PI(4,5)P2 headgroup and cholesterol. We find for PE/
PI(4,5)P2 and PI/PI(4,5)P2 homogeneous mixing of the monolayer. The addi-
tion of cholesterol to PE/PI(4,5)P2 leads to the formation of small domains at
low surface pressures that disappear at higher pressures. In addition to choles-
terol, we also investigate in this study the effect of bivalent cations on these
lipid mixtures.
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Atomic force microscopy (AFM) has been applied to the characterization of
palmitoylceramide (pCer) and cholesterol (Chol) incorporation into
phospholipid-based supported planar bilayers (SPBs) at 22C. Phospholipids
were dipalmitoyl phosphatidylcholine (DPPC) or palmitoyl sphingomyelin
(pSM). Membranes of different compositions were prepared by either the
vesicle adsorption or the spin-coating procedures (the latter strictly for pCer-
containing mixtures) and analyzed with a combination of AFM imaging
(domain segregation, bilayer thickness and roughness) and force spectroscopy
(mechanical resistance to indentation). The mixtures under study were pure
phospholipids (pSM, DPPC), phospholipid:Chol (70:30), phospholipid:-
Chol:pCer (2:1:1) and phospholipid:pCer (90:10, 80:20 and 70:30). Binary
phospholipid:pCer mixtures at increasing ceramide ratios gave rise to highly-
resistant segregated domains with increasing extension but similar properties
in terms of breakthrough forces, thicknesses and roughnesses. These
ceramide-enriched domains are able to exclude a fluorescent lipid probe
(DiIC18) due to their high intermolecular packing. Interestingly, these domains
have been reported to disappear when model membranes become highly en-
riched in cholesterol in fluid membranes or in the absence of a fluid phase
(our case). Indeed, the ternary mixtures (2:1:1) gave rise to a homogenous
lamellar gel phase with significantly different properties when compared to
all of the other mixtures under study: ternary mixtures showed a reduced thick-
ness and an intermediate roughness and mechanical resistance when compared
to phospholipid:Chol (70:30) and phospholipid:pCer. These differences were
statistically significant. More importantly, at those relatively high pCer and
Chol concentrations in ternary mixtures, no mutual displacement of these mol-
ecules was observed. The data become relevant in the context of sphingolipid
signaling and membrane platform formation.
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DAG-induced activation of PI-PLC has been studied using as substrates ves-
icles containing PI, either pure or in mixtures with DMPC, DSPC, sphingo-
myelin, or galactosylceramide. At 22C DAG at 33 mol% increases PI-PLC
activity in all the mixtures, but not in pure PI bilayers. DAG also causes an
overall decrease in DPH polarization (decreased molecular order) in all sam-
ples, and increased overall enzyme binding. Confocal fluorescence micro-
scopy examination of GUV of all the compositions under study, with or
without DAG, and quantitative evaluation of the phase behaviour using
LAURDAN generalized polarization, and of enzyme binding to the various
domains, indicate that DAG activates PI-PLC whenever it can generate fluid
domains to which the enzyme can bind with high affinity. In the specific case
of PI:DMPC bilayers at 22C DAG induced increased enzyme binding and
activation, but no microscopic domain separation was observed, the presence
of DAG-generated nanodomains is proposed instead for this system. In PI:ga-
lactosylceramide mixtures DAG may exert its activation role through the gen-
eration of small vesicles, that PI-PLC is known to degrade at higher rates. In
general our results indicate that global measurements using fluorescent probes
in vesicle suspensions in cuvette are not enough to understand DAG effects
that take place at the domain level. The above data reinforce the idea of
DAG as an important physical agent regulating membrane or cell
properties.
